The capacity of risk prediction to guide management of CKD in underserved health settings is unknown. We conducted a retrospective cohort study of 28,779 adults with nondialysis-requiring CKD who received health care in two large safety net health systems during 1996-2009 and were followed for ESRD through September of 2011. We developed and evaluated the performance of ESRD risk prediction models using recently proposed criteria designed to inform population health approaches to disease management: proportion of cases followed and proportion that needs to be followed. Overall, 1730 persons progressed to ESRD during follow-up (median follow-up=6.6 years). ESRD risk for time frames up to 5 years was highly concentrated among relatively few individuals. A predictive model using five common variables (age, sex, race, eGFR, and dipstick proteinuria) performed similarly to more complex models incorporating extensive sociodemographic and clinical data. Using this model, 80% of individuals who eventually developed ESRD were among the 5% of cohort members at the highest estimated risk for ESRD at 1 year. Similarly, a program that followed 8% and 13% of individuals at the highest ESRD risk would have included 80% of those who eventually progressed to ESRD at 3 and 5 years, respectively. In this underserved health setting, a simple five-variable model accurately predicts most cases of ESRD that develop within 5 years. Applying risk prediction using a population health approach may improve CKD surveillance and management of vulnerable groups by directing resources to a small subpopulation at highest risk for progressing to ESRD. In the United States, CKD has been estimated to affect nearly 26 million Americans, is the ninth leading cause of death, and costs the federal government over $56 billion annually. 1,2 Currently, over one third of incident patients with ESRD are enrolled in Medicaid (the United States joint federal and state health insurance program for the poor) or uninsured at ESRD onset. 1 Despite the disproportionate burden of CKD among socially disadvantaged groups, relatively little progress has been made in reducing socioeconomic disparities in the incidence and treatment of ESRD over the past two decades.
In the United States, CKD has been estimated to affect nearly 26 million Americans, is the ninth leading cause of death, and costs the federal government over $56 billion annually. 1, 2 Currently, over one third of incident patients with ESRD are enrolled in Medicaid (the United States joint federal and state health insurance program for the poor) or uninsured at ESRD onset. 1 Despite the disproportionate burden of CKD among socially disadvantaged groups, relatively little progress has been made in reducing socioeconomic disparities in the incidence and treatment of ESRD over the past two decades.
In many instances, CKD can be slowed or prevented. Interventions, such as BP lowering, use of renin-angiotensin system inhibitors, and avoidance of nephrotoxins, are effective in slowing CKD progression if initiated in earlier stages. [3] [4] [5] [6] [7] However, these interventions seem to be underutilized in patients at all stages of CKD from socially disadvantaged groups. 8, 9 Moreover, uninsured persons and Medicaid enrollees are suboptimally prepared for ESRD, as evidenced by worse biochemical abnormalities at ESRD onset, lower prevalence of permanent vascular access at dialysis initiation, and marked delays in accessing a kidney transplant compared with counterparts with Medicare or private health insurance. [10] [11] [12] [13] A major contributor to socioeconomic disparities in ESRD incidence and CKD care is the lack of a surveillance system for tracking the care of the poor or underinsured. 1 Because of their relatively limited options for continuous ambulatory care, most of America's poor and underinsured patients with CKD, when they do seek care, likely do so from public hospitals and safety net health systems. Although several tools are now available to assist health providers in estimating an individual patient's risk of progressing to ESRD, these measures have yet to be evaluated in an underserved health setting. [14] [15] [16] [17] [18] Moreover, the capacity of these tools to guide systemlevel decisions (for example, to determine the potential effectiveness or feasibility of surveillance, outreach, or risk factor intervention programs that target subgroups at high risk for ESRD) is unclear. 19 To address these issues, we examined data from 28,779 patients with CKD who received ambulatory care in two large safety net health systems. The primary study objective was to assess the performance of models to estimate risk of CKD progression to ESRD in an underserved health setting using criteria designed to inform population health strategies to disease management. We hypothesized that ESRD risk would be highly concentrated among a small fraction of patients who could be identified using routinely available demographic and clinical data.
RESULTS

Patient Characteristics
Compared with CKD cohorts from other health care settings, 14, 15, 17, 20 the study cohort was relatively young and racially/ethnically diverse. Over one half of the cohort either lacked health insurance or was enrolled in Medicaid (Table 1) . On the basis of the distribution of eGFR, a slightly higher proportion of the Harborview Medical Center (HMC) subcohort had more advanced CKD compared with the Community Health Network (CHN) subcohort (Supplemental Table 1 ). The distribution of dipstick proteinuria was similar in the subcohorts, with the caveat that 42% of patients from the HMC subcohort were missing urinalysis assessment compared with 19% in the CHN subcohort.
Overall, 1730 (6%) individuals (959 individuals in the CHN subcohort and 771 individuals in the HMC subcohort) in the cohort progressed to ESRD over a median follow-up of 6.6 years. Persons ages 18-40 years experienced the highest incidence rates of ESRD. Men, black persons, and persons with hypertension, diabetes mellitus, chronic viral disease, substance abuse, and cardiovascular disease experienced higher incidence rates of ESRD compared with their respective reference group (Table 2) . After covariate adjustment, younger age, men, nonwhite race/ethnicity, Medicaid, Medicare, hypertension, diabetes mellitus, lower eGFR, higher dipstick proteinuria, lower serum albumin, lower hemoglobin, and higher cholesterol were associated with progression to ESRD (Table  3) . Similar associations were observed in the CHN and HMC cohorts when analyzed separately (data not shown).
Model Performance
A simple model (model 1) incorporating age, sex, race/ ethnicity, and eGFR performed well in discriminating between those who progressed and did not progress to ESRD at 1 year, which was evidenced by high area under the receiver operating characteristics (ROC) curve estimates (Table 4) . Adding dipstick proteinuria to model 1 improved discrimination (model 2), especially at 3-and 5-year time frames, but little improvement was observed with the addition of health insurance coverage and comorbidities (model 3), and laboratory data (model 4) ( Table 4 , Supplemental Figure 1 ).
On the basis of model 2, an estimated 91% of ESRD events occurring within 1 year were included among 10% of subjects at highest estimated risk of ESRD; that value decreased to 83% and 74% for 3-and 5-year time frames, respectively ( Figure 1) . Similarly, following an estimated 5%, 8%, and 13% of the cohort would potentially include 80% of persons who progressed to ESRD at 1, 3, and 5 years, respectively (Table 4 , Supplemental Figure 2 ). Nearly identical patterns resulted when the CHN and HMC cohorts were analyzed separately (Supplemental Table 2 , A and B).
DISCUSSION
Recent federal initiatives, such as the Health Information Technology for Economic and Clinical Health Act and Health Data Initiative, prioritize health information technology and innovation in electronic health records use to promote health assessment, planning, and action. 21, 22 By leveraging the electronic health records data of two large public health systems, we observed that approximately one in 16 persons with moderate to advanced CKD receiving ambulatory care developed ESRD during a median follow-up of 6.6 years. Using criteria designed to inform population health approaches to disease management, we observed that a simple five-variable predictive model using common demographic and laboratory data accurately predicts most cases of ESRD for time frames up to 5 years. Moreover, we found that ESRD risk was highly concentrated among relatively few patients, which suggests that only a small proportion of individuals with CKD would need to be carefully followed to capture the majority of persons who eventually progress to ESRD. Our study approach may help to guide public health systems in identifying a high-risk subcohort that might, for example, undergo more intensive surveillance, risk factor management, and when necessary, preparation for ESRD care. 19 The magnitude and persistence of socioeconomic disparities in the incidence and treatment of kidney disease have led the US Government to prioritize their elimination while also attempting to reduce the overall burden and costs of CKD. 23 A major challenge in addressing these disparities is in the lack of information on processes and outcomes of CKD care among traditionally underserved populations. We previously reported that effective interventions to slow CKD progression and reduce mortality seemed to be highly underutilized in these populations. 9 Additional studies support our observations, suggesting that disadvantaged groups likely receive less effective care in earlier stages of CKD. 8, 24, 25 Fortunately, most patients with CKD will not progress to ESRD. However, a formidable challenge faced by municipal health systems and their lay and physician leadership is in identifying and managing those patients who will eventually develop progressive disease. Although prior studies have yielded several risk predictive models for ESRD, these models have been predominantly developed and evaluated in less diverse cohorts and were designed for use by individual clinicians in calculating patientlevel risk. [14] [15] [16] [17] [18] Moreover, these models depend on specialized laboratory data (e.g., urine albumin and creatinine concentrations), which are commonly missing in real-world underserved health settings. [14] [15] [16] [17] [18] From the perspective of population health, few studies have examined the capacity of such models to help guide, for example, the planning and assessment of CKD care programs. 19, 26 In 2011, Pfeiffer and Gail 27 proposed two pragmatic measures of risk concentration that were designed to guide population health approaches and help inform decision making at the level of the health system. In terms of ESRD risk, proportion of cases followed is useful for evaluating the effectiveness of an ongoing or proposed care program by estimating what proportion of future ESRD events would be observed within a specified subpopulation. 27 Because of the concentration of ESRD risk in our study cohort, our results suggest that a high-risk prevention or preparation strategy might be effective in covering most persons with CKD who will eventually develop ESRD in a public or underserved health care setting. For example, by applying a simple risk predictive model that incorporates age, race, sex, eGFR, and dipstick urinalysis, a program that followed 10% of the population at highest risk for ESRD would potentially include 91% of persons who will eventually progress to ESRD by 1 year in our cohort. In addition to active surveillance (to identify out-of-care individuals) and heightened management of traditional risk factors for CKD morbidity, these individuals might receive additional care that specifically focuses on optimizing their transition to ESRD, such as timely dialysis education, kidney transplant referral, and placement of vascular or peritoneal dialysis access. Moreover, this high-risk cohort could be readily identified through systematic queries of electronic health records without relying solely on referrals from individual clinicians.
A measure complementary to the proportion of cases followed is the proportion that needs to be followed, which is useful in assessing the feasibility of a program required to cover a specific proportion of future ESRD cases. For example, if an ESRD preparation program aims to capture 90% of persons who will develop ESRD over the subsequent year, we estimated that approximately 9% of the CKD population at highest ESRD risk would need to be followed. In this manner, the proportion that needs to be followed provides important insight as to whether such a participation target (in this case, 9% of the cohort) is feasible. 27 Using two CKD cohorts from Canada, Tangri et al. 15 evaluated the discrimination of several risk predictive models using traditional criteria (C statistic and integrated discrimination improvement). Tangri et al. 15 concluded that the most accurate model incorporated age, sex, eGFR, albuminuria, and serum concentrations of calcium, phosphate, bicarbonate, and albumin. When assessed using the abovedescribed criteria (proportion of cases followed and proportion of cases that need to be followed), we observed that a complex model incorporating sociodemographic information, clinical comorbidities, and laboratory values provided little additional information over a more parsimonious one. The discriminatory ability of our simpler model was likely enhanced by the incorporation of race, and it also underscores the prognostic importance of dipstick proteinuria. 28, 29 We and others have previously described marked racial and ethnic differences in ESRD risk among adults receiving care in different United States health care settings. 20, [30] [31] [32] [33] From a population health or health system perspective, a model that relies on commonly available variables is highly desirable, because detailed clinical comorbidity and laboratory data are often missing in a substantial proportion of patients treated in traditionally underserved health care settings. Until recently, disadvantaged patients with nondialysisrequiring CKD in the United States were essentially invisible to much of the health care system until and if they reached ESRD. 1 However, increasing use of electronic health records now allows health researchers, public health administrators, and local policymakers to potentially identify groups of individuals who may benefit from targeted programs that offer more intensive surveillance and risk factor management. 19 Accordingly, our methodological approach provides a framework that a municipal (or any) health system might leverage to monitor care and outreach to the relatively small fraction of underserved patients who are at particularly high risk of experiencing progressive CKD, additional morbidity, and increased public costs.
Strengths and LimitationsOur study is strengthened by the inclusion of adults with moderate to advanced CKD from two large safety net health systems-populations rarely accessed in prior studies of CKD. In addition to providing detailed demographic and clinical data, we were able to link our cohort to national registries to obtain complete or nearly complete capture of treated ESRD and vital status. Our study also had several limitations. First, although diverse populations were well represented in our study, our cohort may not be fully reflective of persons receiving care from public hospitals or safety net health systems in other United States regions. However, the distributions of race/ethnicity and health insurance coverage in our study were consistent with estimates of populations generally served by members of the National Association of Public Hospitals. 34 Second, our assessment of comorbid conditions was on the basis of diagnostic codes and thus, likely underestimates the prevalence of comorbidities, such as cardiovascular disease, diabetes mellitus, hypertension, viral illness, and drug or alcohol abuse in this population; moreover, although we incorporated laboratory measures that often reflect disease severity, we could not directly determine the severity or duration of most of the comorbid conditions. Third, we used multiple imputation to address missing data under the assumption of missing at random, a flexible assumption that allows missingness to be related to observed variables. However, we cannot rule out the possibility of bias in the event that this assumption does not hold. 35 Fourth, although it is possible that we have misclassified some persons with AKI or near-normal kidney function as having CKD, we attempted to reduce this potential misclassification by requiring at least two ambulatory eGFR determinations and one additional ambulatory visit for study inclusion. Misclassification of CKD and its severity using population-based GFR-estimating equations may also be operative, because the Modification of Diet in Renal Disease (MDRD) study equation was derived in a population of largely white and black patients with moderate to advanced CKD, very few of whom had diabetes mellitus. 36 Among persons with CKD receiving care in the American health care safety net, the risk of progressing to ESRD is markedly elevated and highly concentrated among relatively few individuals. A simple model using five commonly available variables adequately discriminates between most individuals with CKD who will and will not progress to ESRD. Application of risk prediction at the system level in the health care safety net may improve the effectiveness of CKD-related care delivery by allowing resources to be directed to a relatively small subcohort of patients who are at highest risk for developing progressive disease and disability. 
CONCISE METHODS
Design, Participants, and Setting
We conducted a cohort study of persons with nondialysis-requiring CKD stages 3-5 who received health care in the CHN and the HMC. The CHN is the health care delivery system of the Department of Public Health of the City and County of San Francisco. The CHN provides ambulatory and acute care to the majority of the estimated 130,000 uninsured residents of San Francisco. 37 Services are available for free or on a sliding scale on the basis of income. Specific details of the cohort, including a description of the CHN, have been previously published. 32, 38 The HMC in Seattle, Washington is the Pacific Northwest's largest provider of care to medically underserved populations, providing over 20% of all indigent (ambulatory and acute) care in the state of Washington. The HMC ambulatory clinics also provide care to a substantially higher proportion of patients from racial/ethnic minority backgrounds than other hospitals in the region.
Data Sources
The study cohort included 28,779 adults ages $18 years with nondialysis-requiring CKD stages 3-5 who received ambulatory care in either the CHN or the HMC from January 1, 1996 to December 31, 2009. We defined CKD on the basis of at least two ambulatory eGFR measurements ,60 ml/min per 1.73 m 2 (calculated by the re-expressed MDRD study equation on the basis of calibrated serum creatinine, age, race, and sex) that were separated by at least 3 months. 36 
Outcome Measures
The primary outcome measure was progression to ESRD, which was defined as having a first service date for maintenance dialysis or kidney transplantation. To ascertain ESRD, we performed linkage with the US Renal Data System (USRDS) files on the basis of patient name, date of birth, and Social Security number. 1 To ascertain death, we performed identifier matching with the Social Security Administration Master Death files using the same patient identifiers described above. We assessed ESRD and death through September 29, 2011 , the last date that data were available for both outcomes at the time of identifier linkage. We defined survival time as time from the first ambulatory eGFR date to ESRD, death, or the end of follow-up through September 29, 2011, whichever occurred first.
Independent Variables
We extracted data on important sociodemographic and clinical factors that we hypothesized might predict progression of established CKD to ESRD in the urban health care safety net on the basis of prior studies. [14] [15] [16] [17] [18] [19] 29, 32, 33, 38, 39 Covariates were defined within the 2-year period closest to the index qualifying eGFR measurement. Individual-level sociodemographic covariates included patient age, sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, Asian/Pacific Islander, or other), and health insurance coverage (uninsured, Medicaid, Medicare, or commercial insurance) on the basis of administrative data. We ascertained comorbid conditions on the basis of established algorithms using discharge diagnostic codes, ambulatory diagnostic codes, and procedural codes for diabetes mellitus, hypertension, cardiovascular disease (defined as coronary artery, cerebrovascular, or peripheral vascular disease), chronic viral disease (hepatitis B virus, hepatitis C virus, HIV, or AIDS), and drug or alcohol abuse. 32 Laboratory covariates included eGFR, hemoglobin, serum calcium, serum albumin, and serum cholesterol concentrations as well as the presence and severity of proteinuria according to dipstick urinalysis. 28, 29 
Statistical Analyses
We summarized the characteristics of the cohort using means (SDs) and proportions. We calculated unadjusted incidence rates of ESRD for the full cohort and subgroups on the basis of age, sex, race/ethnicity, Figure 1 . The estimated proportion of ESRD events captured (PCF) among a given proportion of subjects at highest estimated risk of ESRD (PNF) for models 1-4 at 1-, 3-, and 5-year time frames. Model 2 outperformed model 1, especially at 3-and 5-year time frames, with models 3 and 4 providing modest improvement over model 2. The performances of all models were highest for the 1-year time frame and declined over time.
On the basis of model 2, an estimated 91% (97%) of events occurring within 1 year were captured in 10% (20%) of subjects at highest estimated risk of ESRD; those values decreased to 83% (91%) and 74% (86%) for 3-and 5-year time frames, respectively. hypertension, diabetes, chronic viral disease, substance abuse, and cardiovascular disease.
Model Development
We developed four proportional hazards models, each building on the previous model. [14] [15] [16] Starting with age, sex, race/ethnicity, and eGFR (model 1), we added dipstick proteinuria plus an interaction between eGFR and dipstick proteinuria (model 2), health insurance coverage, comorbidities (diabetes mellitus, cardiovascular disease, hypertension, substance abuse, and chronic viral disease; model 3), and additional laboratory variables (serum albumin, calcium, cholesterol, and hemoglobin; model 4).
Model Validation
To evaluate the predictive capacity of the models, we used 2-fold crossvalidation and trained and validated our models on separate subsets of the data. 40 We divided the full cohort into training and validation sets (two thirds and one third of the full cohort, respectively) using stratified sampling stratifying on the level of eGFR. 41 The final numbers of subjects in the training and validation sets were 19,215 and 9564, respectively.
Multiple Imputation
In the full cohort, 28% of patients were missing results for dipstick proteinuria, 15% of patients were missing results for serum cholesterol, 6% of patients were missing results for serum calcium, 2% of patients were missing results for serum albumin, and 2% of patients were missing results for hemoglobin. To reduce potential bias caused by excluding patients with missing data, we performed multiple imputation by chained equations with 10 imputations in the training and validation sets separately using the R package mice (version 2.18) on the basis of observed variables related to the missingness (i.e., missing at random). 42, 43 Model Fitting (and Validation)
We fitted each model to 10 training sets and estimated the hazard ratios and SEMs, taking into account the variability associated with the multiple imputation. 42 The baseline hazard function and the estimated coefficients for each model fit to the training set were fixed and applied to the validation set to obtain the probability of ESRDfree survival beyond years 1, 3, and 5 for each subject in the validation set. We applied this procedure to each of 10 imputed training validation dataset pairs.
Model Performance
We used the following discrimination and calibration criteria to assess the predictive performance of each model: (1) ROC curve and the area under the ROC curve, 44 (2) prediction error, 45 (3) proportion of cases followed [PCF(q)], and (4) proportion of the population needed to be followed [PNF(p)]. 27 PCF and PNF are recently developed pragmatic measures of concentration of risk that are directly relevant to public health decision making. The PCF(q) represents the estimated proportion of cases (or events) that would be captured if we followed proportion q of the population at highest risk. PNF(p) represents the estimated proportion of the population at highest risk that we would need to follow to capture proportion p of the events. Larger values of PCF(q) and smaller values of PNF(p) indicate better performance. All measures were estimated nonparametrically, with inverse probability weighting used to account for censoring. 46 The censoring weights were estimated using the Kaplan-Meier estimator of the censoring distribution. The SEMs within each validation set were estimated using perturbation, a resampling-based method for variance estimation, with 500 replications and weights distributed exp (1) . 47 The estimates from each of 10 imputed validation sets were combined to obtain the final estimates along with empirical SEMs accounting for variability within and between the imputed sets. In sensitivity analyses, we repeated the analyses in the CHN and HMC cohorts individually.
The USRDS and the institutional review boards at the University of Washington and the University of California San Francisco reviewed and approved the study protocol. We performed all statistical analyses using R 3.0.2 (http://cran.r-project.org).
